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I.  Overview 


Characterizing  ion/surface  reactions  is  important  in  predicting  and 
controlling  signature  species  associated  with  low-earth  orbit  space  flight.  In 
an  effort  to  model  the  reactive  environment  surrounding  low-Earth  orbit 
spacecraft,  this  project  examined  reactions  between  hyperthermal  energy 
molecules  and  prototypical  surfaces.  Our  work  focused  on  identifying  and 
understanding  some  of  the  fundamental  ion/surface  reaction  mechanisms 
that  occur  under  laboratory  conditions  akin  to  the  low-Earth  orbit 
environment.  Specifically,  mass-selected  ions  were  scattered  on  single¬ 
crystal  surfaces  under  UHV  conditions,  and  the  resulting  products  were 
detected. 


II.  Experimental  Approach 

Two  complementary  approaches  were  adopted:  state-selected 
molecular  ions  were  scattered  on  well-characterized  surfaces;  and  atomic 
ions  were  scattered  on  surfaces  containing  predosed  adlayers. 

A.  State-selected  Molecular  Ion/Surface  Scattering 

An  ultrahigh  vacuum  chamber  was  designed  specifically  to  study  the 
scattering  of  hyperthermal  energy,  state-selected  molecular  ions  on 
surfaces.  The  experimental  apparatus  has  been  described  in  detail 
elsewhere;  [1]  only  a  brief  summary  of  the  main  features  will  be  given  here. 
The  machine,  shown  in  Fig.  1,  consisted  of  a  pulsed  molecular  beam,  a  laser 
ionization  source,  electrostatic  optics  for  ion  transport,  a  sample 
manipulator,  an  ion  sputtering  gun  for  cleaning,  Low  Energy  Electron 
Diffraction  (LEED)  and  Auger  surface  spectroscopies,  and  an  ion  imaging 
detector  for  collecting  scattered  products. [2] 

The  incident  ions  were  created  in  a  state  specific  manner  at  the 
intersection  of  a  pulsed  supersonic  expansion  of  gas  and  the  frequency- 
doubled  output  of  a  Nd:YAG-pumped  dye  laser  via  (2+1)  resonance  enhanced 
multiphoton  ionization  (REMPI).  Prior  to  an  experiment,  REMPI 
spectroscopy  was  performed  by  utilizing  the  time -of- flight  (TOF) 
spectrometer  (See  Fig.  1)  to  mass-resolve  and  detect  the  photo-ions  as  a 

function  of  laser  frequency.  The  NO+IX1!)  and  OCS+(X2n)  molecular  ions 
were  prepared  in  a  specific  electronic  and  vibrational  levels,  that  were 
selectively  controlled  by  the  laser  wavelength  [3,  4]. 

Once  the  laser  was  tuned  to  the  transition  of  interest,  the  TOF 
spectrometer  was  disabled  and  the  ions  were  extracted  in  the  opposite 
direction  toward  the  surface.  The  state-selected  ions  were  accelerated  to 
200  eV  and  directed  into  a  Colutron  Wien  filter  where  photo  fragments  were 
removed  from  the  primary  molecular  ion  beam.  The  purified  ion  beam 
emerged  from  the  mass  filter  and  was  subsequently  decelerated  to  a  specific 
translational  energy  (5-80  eV).  The  monoenergetic,  state-selected  ions  then 
impinged  on  a  clean,  well-characterized,  single -crystal  surface.  In  all  of  the 
experiments,  the  ions  were  directed  along  the  surface  normal. 
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The  scattered  product  ion  yields  were  monitored  with  a  two- 
dimensional  ion  imaging  detector,  specifically  designed  to  afford  mass-, 
angle-,  and  velocity-resolution  with  near  single-ion  collection  efficiency. [2] 
The  mass  resolution  of  this  detector  was  achieved  by  pulsed  extraction  of 
the  ions  into  a  field-free  flight  tube  where  they  dispersed  according  to  their 
drift  velocity  (mass)  before  impinging  on  a  pair  of  pulsed  channel- electron 
multiplier  array  (CEMA)  plates.  The  subsequent  electrons  generated  at  the 
CEMA  plates  struck  a  phosphor  screen.  The  image  was  captured  by  a  CCD 
camera  and  digitized  by  a  computer  for  storage  and  processing.  This 
instrument  was  capable  of  detecting  either  positive  or  negative  ions  with 
equal  efficiency.  The  detector  was  designed  in  a  Wiley-Mclaren 
arrangement,  thereby  allowing  a  straight-forward  assignment  of  each  peak  to 
a  specific  mass.  An  experiment  then  consisted  of  monitoring  each  product 
channel  as  a  function  of  the  incident  translational  and/or  internal  energy. 
Because  the  same  detector  was  used  for  collecting  both  incident  and 
scattered  ions,  a  relative  product  yield  represented  the  number  of  collected 
products  divided  by  the  number  of  incident  ions.[l]  The  detector  had  an  in¬ 
plane  acceptance  angle  of  ±21°  and  an  out-of-plane  acceptance  angle  of  ±6°. 
To  calculate  the  absolute  fraction  of  scattered  products  per  incident  ion,  the 
reported  relative  product  yields  was  divided  by  the  normalized  angular 
distribution  integrated  over  the  detector’s  solid  angle  of  collection. 


Fig.  1.  Experimental  apparatus  for  scattering  state-selected  molecular  ions 
on  surfaces. 
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B.  Atomic  Ion/Surface  Scattering 

A  new  ion/surface  scattering  chamber  was  designed  and  constructed 
under  this  contract  (See  Fig.  2).  It  features  an  intense,  continuous  ion  beam 
source.  The  resulting  high  ion  beam  exposures  allow  for  mass-selective 
detection  of  scattered  neutrals  as  well  as  observation  of  ion-induced 
modification  of  the  surface.  The  new  chamber  consists  of  three 
differentially-pumped  chambers:  the  source  and  buffer  chambers  contain  the 
ion  transport  optics,  and  the  main  scattering  chamber  houses  the  surface 
sample.  This  design  allows  the  production  of  incident  ion  beam  currents  up 
to  100  nA,  while  maintaining  a  UHV  environment  (~1010  Torr)  in  the  main 
chamber. 

The  main  chamber  is  further  broken  into  two  sections.  The  top  half 
contains  routine  surface  science  analysis  equipment:  Low  Energy  Electron 
Diffraction  (LEED),  Auger  Electron  Spectroscopy  (AES),  X-ray  Photoelectron 
Spectroscopy  (XPS),  Residual  Gas  Analysis  (RGA),  a  sputtering  gun  for 
cleaning  of  the  surface,  and  a  load  lock  for  rapid  sample  transfer.  The 
bottom  half  is  where  the  scattering  experiments  occur.  Here,  we  have 
designed  and  constructed  a  novel,  triple-differential  quadrupole  mass 
spectrometer  (QMS). [5]  The  independently  pumped,  rotatable  detector  can 
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detect  neutrals  and  ions  of  both  polarities.  It  simultaneously  resolves  the 
scattering  angle,  energy,  and  mass  of  all  scattered  products. 

Another  distinguishing  characteristic  of  this  chamber’s  design  is  that 
after  prolonged  ion  beam  exposure,  the  sample  can  be  characterized  by  XPS 
and  spatially-resolved  AES  to  monitor  ion  beam  modification  of  the  surface 
sample. 


III.  Experimental  Results 

The  following  systems  represent  prototypical  investigations  of 
fundamental  ion/surface  processes.  Many  of  the  observed  phenomena 
should  be  equally  relevant  to  more  complex  systems. 


A.  Dissociative  Scattering:  OCS+(X2n,  vi,  V2,  V3) 
incident  on  Ag(Ill) 

Ion  collisions  with  a  low-Earth  orbit  vehicle  may  initiate  electron 
transfer,  fragmentation,  or  abstraction  reactions.  The  principal  investigator 

had  previously  studied  the  charge  transfer  and  dissociation  of  NO+  on 
metallic  and  semiconducting  surfaces.fi]  It  was  desirable  to  extend  this 
work  to  include  a  polyatomic  projectile  in  order  to  see  how  various 
fragmentation  pathways  might  compete.  The  prototypical  system  of  choice 

was  OCS+  on  Ag(l  1 1).  OCS  is  isovalent  with  CO2  but  contains  two  distinct 

ligands  for  which  selective  fragmentation  might  occur.  Single-crystal 
Ag(lll)  is  a  well-characterized,  reproducible  target  which  offers  a  limited 
distribution  of  reaction  sites  and  stays  clean  for  prolonged  periods  of  time. 

In  the  apparatus  described  in  Sect.  IIA,  state-selectively  prepared 

OCS+(X2n,  vi,  V2,  v3)  was  directed  at  a  clean  Ag(lll)  surface.[3,  4,  6]  Three 

major  scattered  anionic  products  were  observed:  0"(2P),  S'(2P),  and  OS'(2n). 
Figure  3  shows  the  collision  energy  dependence  to  their  formation.  The 
sharp  threshold  behavior  for  O'  emergence  suggests  that  CID  of  ground  state 
neutralized  OCS  produces  O^D)  which  attaches  an  electron  as  it  scatters 
from  the  surface.  This  was  confirmed  through  a  measurement  of  the 

scattered  O'  kinetic  energy  distribution. 

In  contrast  to  O'  emergence,  the  low  threshold  and  final  kinetic 

energy  distribution  of  scattered  S'(2P)  suggests  that  neutralization  of  OCS+ 
also  populates  one  or  more  electronically  excited  dissociative  states  of 
*  neutral  OCS.  Electron  attachment  to  the  resulting  S^D)  fragment  would 
produce  S'(2P)  with  a  low  appearance  threshold.  Figure  4  compares  the 
S"(2P)  ion  yield  from  incident  OCS+(X2Il)  and  that  from  incident  S+(4S)  as  a 
means  to  independently  study  the  dissociation  and  electron  attachment 
events.  The  onset  for  S'(2P)  emergence  occurred  at  a  collision  energy  that 
is  8  eV  lower  for  incident  OCS+(X2n)  than  for  incident  S+(4S),  despite  the 
additional  energy  required  by  OCS  for  fragmentation.  This  indicates  that 
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0CS+(X2n)  Collision  Energy  (eV) 


Figure  3.  Scattered  anionic  products  for 
OCS+  incident  on  Ag(lll). 

dissociative  neutralization  of  OCS+  produces  excited  state  S( 1 D)  rather  that 
S(3P)  which  attaches  an  electron  more  easily. 

The  OS'  product  channel  is  particularly  interesting,  because  it  arises 

from  removal  of  the  central  carbon  atom.  The  appearance  threshold  for  OS' 
is  at  30  eV,  suggestive  of  a  sharply  bent  transition  state,  accessed  only  at 
high  collision  energies  when  impact  severely  distorts  the  incident  molecule. 

In  summary,  collisions  of  OCS+  on  Ag(lll)  lead  to  three  distinct 
fragmentation  pathways.  Each  of  the  three  dissociation  mechanisms 
involved  different  degrees  of  electronic  and  mechanical  excitation.  For  this 
system,  state-selective  ionization  indicated  that  small  initial  excitations  of 
the  C-O  stretch,  the  C-S  stretch,  and  the  O-C-S  bend  vibrations  had  no 
perceivable  effect  on  the  ion’s  reaction  probability  with  the  surface.  [3] 
Understanding  the  detailed  dynamics  of  these  reaction  pathways  increases 
the  degree  to  which  one  can  predict  the  outcome  of  more  complex 
ion/surface  collision  events. 
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Fig.  4.  Relative  S'  yield  as  a  function  of 
projectile  velocity,  for  OCS+and  S+  incident  on 
Ag(lll). 


B.  Abstraction  Reactions:  NO+(X1I+<  v)  incident  on 
0/NOx/Ag(lll)  and  0/Al(lll) 

A  spacecraft  traveling  in  low  earth-orbit  will  experience  energetic 
bombardment  from  molecules  and  atoms  in  the  outer  atmosphere.  At  typical 
velocities  (ca.,  7.3  km/s),  ambient  neutral  species  collide  with  the 
spacecraft’s  ram  surfaces  at  collision  energies  in  excess  of  5  eV;  the  collision 
energies  of  atmospheric  ions  can  be  higher  or  lower,  depending  on  the 
amount  of  spacecraft  charging  in  the  plasma  environment.  At  altitudes 
between  200-700  km,  NO+,  C>2+,  N2+,  and  H20+  are  the  primary  molecular 
ions  incident  on  the  spacecraft’s  exterior.  The  ensuing  hyperthermal-energy 
gas /surface  reactions  yield  a  variety  of  gaseous  products  which  may  serve  as 
chemical  signatures  for  tracking  spacecraft.  Most  notably  NO2 
chemiluminescence  is  observed  from  a  reaction  occurring  on  the  ram 
surfaces  of  the  space  shuttle. 

To  explore  hyperthermal  energy  molecule /surface  reactions  which 
may  lead  to  NO2  formation,  the  following  systems  have  been  studied: 
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NOHEtrans,  v)  +  0/N0x/Ag(  1 1 1)  ->  N02' 

NO+(Etrans,  v)  +  0/N0x/Ag(lll)  -»  N03- 

The  surface  was  prepared  with  atomic  oxygen  by  decomposition  of  NO2  on 
Ag(lll)  at  an  elevated  temperature.  A  small  residual  of  NOx  remained  on 
the  surface  after  this  procedure.  Next,  a  beam  of  state-selected  NO+(Etrans- 
v)  was  directed  at  the  surface.  Fig.  3  shows  the  yield  of  scattered  N02-  and 
NO3-  products  as  a  function  of  NO+  collision  energy.  Thermal  desorption  of 
the  residual  NOx  species  associated  with  the  O-atom  deposition  lead  to 
decreased  N02"  and  NO3-  signals.  This  indicates  that  a  portion  of  the 
scattered  products  shown  in  Fig.  5  arise  from  a  direct  O-atom  abstraction  by 
incident  NO+. 

Perhaps  a  better  model  surface  for  simulating  the  exterior  of  a  satellite 
or  thermal  protection  system  is  aluminum  oxide.  Well-characterized  oxides 
can  be  grown  on  single-crystal  Al(lll)  surfaces  in  UHV.  A  series  of 
experiments  were  initiated,  in  which  state-selected  NO+IX1!)  was  scattered 

on  0/Al(l  1 1).[7]  At  high  collision  energies  (>  50  eV),  0'(2P)  was  the 
predominant  scattered  ionic  product.  However  at  collision  energies  near  20 

eV,  NO2'  emerged  from  the  surface 

NO+(Etrans,  v)  +  O/AKlll)  ->  N02- 

Ongoing  experiments  are  focusing  on  the  precise  collision  energy  and 
internal  energy  dependence  of  this  atom  pick-up  channel.  In  addition,  the 
dynamics  of  atom  abstraction  is  being  explored  as  a  function  of  oxygen 
coverage  and  structure. 


NO+  Incident  Energy  (eV) 

Figure  5.  Anionic  products  resulting  from  NO+ 
incident  on  0/N0x/Ag(  111). 
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C.  Surface  Oxidation:  0+  reactions  with  silicon  nitride 

The  scattering  chamber  described  in  Sect.  IIB,  was  employed  to 
examine  the  ways  in  which  hyperthermal  energy  ions  modify  surfaces. 

These  studies  are  important  for  studying  erosion  and  oxidation  of  spacecraft 
materials  in  low-earth  orbit. 

Thin  nitride  layers  were  grown  on  crystalline  silicon  substrates  and 
characterized  using  XPS.  The  principal  question  was  to  see  whether  these 
nitride  surfaces  would  be  altered  by  prolonged  exposure  to  hyperthermal 

energy  0+  bombardment.  Preliminary  results  indicate  that  the  silicon 
nitride  layer  is  irreversibly  damaged  by  0+  ions. [8]  To  differentiate  physical 
from  chemical  sputtering  in  this  system,  the  effect  of  incident  0+  ion 

bombardment  is  being  compared  with  that  of  incident  Ne+  ion 
bombardment  under  identical  scattering  conditions.  The  latter  projectile  is 
presumed  to  have  negligible  chemical  interactions  with  the  surface  but  to 

exhibit  similar  kinematic  behavior  as  0+. 


IV.  Summary 

The  experimental  investigations  undertaken  during  this  contract 
period  provide  insight  into  some  of  the  reaction  pathways  available  to 
hyperthermal  energy  molecule /surface  collisions.  Principally,  detailed 
mechanisms  for  electronic  transfer,  energy  transfer,  fragmentation,  and 
atom  abstraction  have  been  uncovered.  Results  from  these  fundamental 
studies  are  useful  for  predicting  signature  reactions,  satellite  erosion,  and 
vehicle  drag  in  a  low-Earth  orbit  spacecraft  environment.  Potential 
transitions  for  this  research  lie  within  the  microelectronics  industry;  a 
better  understanding  of  fundamental  ion/ surface  reaction  mechanisms  will 
assist  in  optimizing  plasma  etching  conditions  in  device  fabrication. 

Many  individuals  have  received  outstanding  training  on  state-of-the-art 
instrumentation  as  a  result  of  this  contracted  research.  The  work  has  been 
presented  at  numerous  scientific  meetings  and  seminars.  The  personnel 
and  publications  associated  with  this  project  are  listed  on  the  following 
page. 
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